Genistein, a biologically active isoflavone, exists in many soy products. It is well known that genistein binds to both oestrogen receptor alpha (ERα) and oestrogen receptor beta (ERβ), but it has a higher affinity to ERβ. Genistein can also bind to the G protein-coupled receptor 30 (GPR30, also known as G protein-coupled oestrogen receptor 1 or GPER). Furthermore, weak oestrogenic activity has been found in genistein, but the mechanism of action remains unknown. The aim of this study was to investigate the in vitro effects of genistein on the secretion of progesterone (P4) and oestradiol (E2) in chicken granulosa cells harvested from follicles, as well as the mRNA expression of ERs in these cells. In addition, we examined the expression of key enzymes including steroidogenic acute regulatory protein (StAR), cytochrome P450 side-chain cleavage (P450scc), and 3β-hydroxysteroid dehydrogenase (3β-HSD) in the process of P4 synthesis. The results showed that genistein did not affect the viability of granulosa cells, nor was the proliferating cell nuclear antigen (PCNA) protein changed. Among the 1-, 10-, 100-, and 1,000-nM concentrations tested, treatment with 1 nM genistein for 48 h significantly increased P4 but did not affect E2 secretion. Real-time PCR results showed that the ERβ gene expression in granulosa cells was markedly upregulated by 1 nM genistein treatment for 48 h, but there was no significant difference in ERα and GPR30 expression. Genistein also increased the gene expression of StAR, P450scc and 3β-HSD in the cultured granulosa cells. These results indicate that genistein acts directly on chicken granulosa cells to increase P4 production by upregulating the gene expression of key enzymes through binding in ERβ. It may exert positive effects on the reproduction of late-laying hens and act as an effective and safe feed additive for animals.
INTRODUCTION
The health effects of soy foods have been rigorously investigated for more than 25 yr, and much of the focus on these foods is due to their being uniquely rich sources of isoflavones (Messina, 2016) . Isoflavones, including genistein, daidzein, and glycitein, are structurally similar to 17-β-oestradiol and can bind to oestrogen receptors (ERs) (Xiao et al., 2018) . The multiple biological effects of oestrogens or isoflavones are mediated via oestrogen receptor alpha (ERα) and oestrogen receptor beta (ERβ), which are ligand-inducible transcription factors and members of a nuclear receptor and membrane receptor superfamily-G protein-coupled receptor 30 (GPR30) (Krust et al., 1986; Shughrue et al., 1997) that are distributed among different tissues. In adult quail, the expression of ERα mRNA is higher than that if ERβ in the reproductive tissues (Ichikawa et al., 2003) . ERs vary in their binding affinity for isoflavones (Morito et al., 2001) , so isoflavones can exhibit oestrogenic and anti-oestrogenic behaviour according to the level of endogenous oestradiol and the number and type of ERs (Cassidy et al., 1994) . Genistein, which is one of the most abundant isoflavones, has a higher affinity for ERβ than ERα (20 to 30 times).
Since the 1960s, the beneficial and adverse effects of genistein and daidzein have been studied extensively (Russo et al., 2016) . Isoflavones have been reported to reduce the risk of menopausal symptoms, cardiovascular disease, breast cancer, and other forms of cancer (Hughes, 1988; Adlercreutz, 2002) . It also has been widely used in the animal as feed additives in recent years. Our previous studies found that isoflavones could significantly increase egg production (Cai et al., 2013; 1911 Gu et al., 2013 Shen et al., 2013 Shen et al., , 2016 . In addition to the beneficial effects, isoflavones have also caused some adverse effects in mammals; in the 1940s, breeding problems were observed in female Australian sheep grazing on isoflavone-rich red clover (O'Leary, 1964) . Therefore, isoflavones exert agonistic effects at low endogenous oestrogen concentrations and anti-oestrogenic properties at high concentrations (Collins et al., 1997) .
In laying hens, the sex steroids are mainly produced by ovarian follicles that are composed of 2 major steroidogenetic cells (granulosa and theca cells) (Hu and Zadworny, 2017) . Progesterone (P4) acts as a positive feedback signal to trigger the GnRH/LH pulse surge before ovulation (Yang et al., 1997) , and it is well known that P4 synthesis is regulated by 3 enzymes named steroidogenic acute regulatory protein (StAR), cytochrome P450 side-chain cleavage (P450scc), and 3-hydroxysteroid dehydrogenase (3β-HSD) (Yamazaki et al., 2005) . During follicle development, cells of the granulosa layer stimulated by FSH and LH begin to express StAR and P450scc and produce P4 (Johnson and Bridgham, 2001 ). 3β-HSD, whose expression steadily increases in granulosa cells of growing hierarchical follicles, catalyzes the process of P4 synthesis from pregnenolone (P5) (Marrone and Sebring, 1989) .
Reports have shown that treatment with genistein may reduce P4 secretion in mammal granulosa cells. In porcine granulosa cells of medium follicles, 0.5 to 50 μM genistein inhibited basal P4 secretion (Nynca et al., 2013) , and another study also showed that genistein significantly inhibited the secretion of P4 by porcine luteinized granulosa cells isolated from large follicles (Nynca et al., 2015) . However, whether genistein can regulate the secretion of P4 in poultry granulosa cells has not been reported. Therefore, the objectives of this study were to evaluate the effect of genistein on P4 secretion in the granulosa cells of cultured late-laying hens and to reveal the potential mechanism underlying the biological function. Moreover, we examined the effect of genistein on the expression of ERα, ERβ and GPR30 mRNA in these cells.
MATERIALS AND METHODS

Cell Cultures and Experimental Design
All procedures involving animal use and care were approved by the Institutional Animal Care and Use Committee of the Poultry Institute, Chinese Academy of Agricultural Sciences (Yangzhou; 32
• 31 17.56 North, 119
• 30 30.97 East, 6.4 m above sea level). A modified ovarian granulosa cell culture procedure was performed as described in a previous study (Xiao et al., 2011) . Briefly, 55-wk-old Rugao laying hens were sacrificed in the morning, and their ovaries were immediately removed and placed in sterile calciumand magnesium-free phosphate-buffered saline (PBS). After washing with PBS at 4
• C, the granulosa and theca layers were rapidly isolated, and the granulosa layer was cut into small pieces (approximately 1 mm 3 ), which were placed in an Erlenmeyer flask and shaken with 0.1% collagenase at 37
• C for 5 min. After sieving with 200 mesh, the cells were washed by centrifugation for 3 min at 1,000 rpm/min at 22
• C. The cells were counted using a haemocytometer, and cell viability was ascertained using the trypan blue exclusion method. The granulosa cells were then kept in a humidified incubator (310, Thermo Fisher Scientific, Waltham, USA) in M199 medium (SH30253.01, GE Healthcare, Pittsburgh, USA) supplemented with 10% foetal bovine serum (FBS) (10437-028, Thermo Fisher Scientific, Waltham, USA) at a final concentration of 10 6 viable cells per well at 37
• C and 5% CO 2 for 24 h. The cells were then transferred to serum-free M199 supplemented with 1% (v/v) insulin-transferrin-Se (ITS) (51300044, Thermo Fisher Scientific, Waltham, USA) solution and penicillin-streptomycin for another 24 h before the following experiment was carried out.
In the experiment, granulosa cells were cultured with different concentrations of genistein with 1, 10, 100, 1,000 nM (G6649, Sigma-Aldrich, St. Louis, USA) for 48 h and then cells collected for measurement.
Cell Proliferation Assay
After treatment with genistein for 48 h in 96-well plates, cell proliferation was assessed using Cell Counting Kit 8 (CK04, Dojindo, Tokyo, Japan) according to the manufacturer's protocol.
Progesterone and Oestradiol Measurements
The level of progesterone and oestradiol in the culture media supernatant was measured by radioimmunoassay (RIA) using commercial kits (Beifang Biotech Research Institute, Beijing, China). The detection range of the progesterone and oestradiol assay were 0.2 to 100 ng/mL, 10 to 500 pg/ml, and the mean recoveries were 96.3% and 94.0%, respectively. The intra-and inter-assay coefficients of variation for progesterone and oestradiol were 10% and 15%.
Western Blotting
After treatment, the cells were harvested and rinsed with PBS and then lysed with 100 μL RIPA buffer per well. Cell lysates were centrifuged at 12,000 g for 20 min, and the supernatant was collected. The protein concentration was determined with a BCA (bicinchoninic acid) Protein Assay Kit (23225, Thermo Fisher Scientific, Waltham, USA). Each sample was denatured at 100
• C for 5 min before being loaded into a 12% polyacrylamide gel and then transferred to a polyvinylidene difluoride (PVDF) membrane (IPVH00010, MilliporeSigma, Burlington, USA). The membranes were washed 3 times for 15 min in Tween-Tris-bufferedsaline (TTBS) buffer and blocked with 3% BSA for 2 h, after which the membranes were incubated with primary antibodies (PCNA at 1:500, β-actin at 1:2000)
at 4
• C overnight. After several washes, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody for 1 h at room temperature, and the immunoblots were visualized by enhanced chemiluminescence detection (32132, Pierce, Rockford, USA) and quantified by densitometric scanning of the autoradiograph. The band densities of PCNA were normalized with those of β-actin.
Real-Time PCR
Total RNA was extracted using a Trizol Plus Purification Kit (Thermo Fisher Scientific, Waltham, USA), and the RNA concentration was then quantified by measuring the absorbance at 260 nm in a photometer (Eppendorf Biophotometer, Hamburg, Germany). The absorption ratios (260/280 nm) of all preparations were between 1.8 and 2.0. Aliquots of RNA samples were subjected to electrophoresis with 1.4% agaroseformaldehyde gels stained with ethidium bromide to verify their integrity, and reverse transcription was performed using the total RNA (500 ng) in a 20-μL final volume containing 5 × PrimeScript RT Mater Mix (TaKaRa, Tokyo, Japan). After incubation at 37
• C for 15 min, the reaction was terminated by heating at 85
• C for 5 min and rapid cooling on ice.
Real-time PCR was performed in a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA). Mock RT and no template controls (NTC) were set to monitor the possible contamination of genomic DNA at both RT and PCR. The pooled sample made by mixing equal quantities of total RT products (cDNA) from all samples was used to optimize the PCR condition and tailor the standard curves for each target gene, and melting curves were performed to insure a single specific PCR product for each gene. Two microliters of a 10-fold dilution of RT product were used for PCR in a 20-μL final volume containing 10 μL SYBR Green Real-time PCR Master Mix (Qiagen, Hilden, Germany). The primer information is listed in Table 1 .
Statistical Analyses
All experiments were performed in triplicate while cell activity experiment was repeated 4 times. Statistical analysis was carried out with SPSS 17.0 for Windows. One-way ANOVA followed by LSD multiple comparison test was used to separate different means among treatments. For all tests, values of P < 0.05 were considered statistically significant.
RESULTS
Effect of Genistein Treatment on Granulosa Cell Viability
Genistein at concentrations ranging from 1 nM to 1,000 nM did not affect the viability of chicken granulosa cells harvested from mixed follicles (Figure 1) . 1 ERα = oestrogen receptor alpha; ERβ = oestrogen receptor beta; GPR30 = G protein-coupled receptor 30; StAR = steroidogenic acute regulatory protein; P450scc = cytochrome P450 side-chain cleavage; 3β-HSD = 3β-hydroxysteroid dehydrogenase.
2 F = forward primer; R = reverse primer. 
Effect of Genistein Treatment on PCNA
The growth of granulosa cells was directly assessed by CCK-8 assay and indirectly determined by PCNA western blot analysis. The results were almost identical; there was no significant difference between the experimental and control groups (Figure 2) .
Effect of Genistein Treatment on Progesterone and Oestradiol Concentrations in Chicken Granulosa Cells
One nM genistein increased (P < 0.05) P4 production by chicken granulosa cells cultured with the phytoestrogen for 48 h ( Figure 3A) . The increases caused by the other concentrations of genistein were not significant. Genistein did not affect the secretion of E2 by granulosa cells cultured for 48 h ( Figure 3B ). 
Effect of Genistein Treatment on Receptor (ERα, ERβ and GPR30) Expression in Chicken Granulosa Cells
The expression of ERβ mRNA was significantly higher (P < 0.05) in the cells cultured with 1 nM genistein for 48 h compared to the controls ( Figure 4A ). In contrast, genistein did not affect ERα mRNA expression ( Figure 4B ).
Effect of Genistein Treatment on Steroidogenic Enzymes (P450scc, 3β-HSD and StAR) in Chicken Granulosa Cells
Real-time PCR results showed that the expression of StAR, P450scc, and 3β-HSD mRNA in granulosa cells was significantly upregulated by 1 nM genistein treatment for 48 h (P < 0.05) (Figure 5) .
DISCUSSION
In the current study, genistein (1 nM) significantly increased the level of progesterone in chicken granulosa cells inconsistent with previous reports that phytoestrogens negatively affect ovarian P4 production in humans and other animal species (Nynca et al., 2009 ). However, there have been no related reports for poultry. In addition, we found that genistein did not affect the secretion of oestradiol in the cells. It is interesting that 0.5 to 50 μM genistein increased the level of E2 in porcine granulosa cells (Basini et al., 2010; Nynca et al., 2013) . Basini et al. (2010) reported a biphasic action of genistein on E2 production by porcine granulosa cells; a low dose (1 μM) stimulated E2 levels, whereas a high dose (185 μM) had an inhibitory effect. Therefore, isoflavones inhibited P4 secretion in some studies performed on ovarian cells, so the results may have depended on the treatment doses and animal species.
Cell viability was not affected by genistein treatment, from low to high concentrations, in our study, which was consistent with previous reports (Tiemann et al., 2007; Nynca et al., 2009 ). Moreover, we tested the expression of PCNA in granulosa cells after exposure to genistein for 48 h, and as the standard of cell proliferation, it was also not changed. Therefore, we speculated that the action of genistein on P4 secretion may not involve cell viability, so we turned our attention to the ERs and enzymes involved in P4 production.
We measured the expression of ERs (ERα, ERβ, and GPR30) in granulosa cells. In a previous study of the chicken primordial follicle, culture of isolated ovaries with 100 ng/ml E2 increased the expression of ERα mRNA, but the expression of ERβ mRNA was not altered (Zhao et al., 2017) . In our study, 1 nM genistein significantly increased the expression of ERβ, whereas * Indicates a significant difference (P < 0.05).
the expression of ERα and GPR30 did not change during in vitro culture for 48 h. This finding was consistent with that of a previous study of porcine granulosa cells that found that genistein increased the expression of ERβ mRNA and protein (Nynca et al., 2015) . Granulosa cells are an appropriate model for researching the mechanism of genistein action in the ovary because a change in the mRNA of ERs may influence ovarian function. The synthesis of P4 is controlled by 3 cellular factors including StAR, P450scc, and 3β-HSD. StAR is involved in transporting cholesterol from the outer to the inner mitochondrial membrane where the P450scc enzyme is located (Johnson and Bridgham, 2001 ). The conversion of cholesterol to pregnenolone is the rate-limiting enzymatic step in the granulosa cells of mammals, and 3β-HSD is one of the key enzymes involved in converting pregnenolone to P4 in females (Tilly et al., 1991; Taira and Beck, 2006) . The expression of these enzymes may be regulated by various factors, and these changes regulate P4 production. It has been reported that non-glycosylated (NG-PRL) and glycosylated prolactin (G-PRL) are able to increase or decrease E2 and P4 secretion in preovulatory granulosa cells by modulating the expression of StAR, P450scc, and 3β-HSD (Hu and Zadworny, 2017). All-trans-RA (atRA) may enhance progesterone production by upregulating the levels of StAR and P450scc mRNAs in immature rat granulosa cells (Suwa et al., 2016) . In cultured rat granulosa cells, insulin-like growth factor I (IGF-I) enhances the FSH-supported accumulation of P4 through the upregulation of P450scc and 3β-HSD gene expression and enzymatic activity (deMoura et al., 1997) .
To determine the molecular mechanism of genistein action in chicken granulosa cells, the effect of genistein on the levels of P450scc, 3β-HSD, and StAR mRNAs was investigated. To the best of our knowledge, this is the first time that an effect of genistein on the expression of these genes in chicken granulosa cells has been shown. One nM genistein significantly increased the expression levels of these 3 genes, indicating that genistein may directly affect the process of steroid hormone synthesis in chicken granulosa cells. The elevation of P4 secretion is associated with an increasing in the mRNA expression of P450scc, 3β-HSD, and StAR. Further study is required to explore additional mechanisms.
In conclusion, this study was the first report of genistein significantly stimulating P4 secretion through the upregulation of ERβ, P450scc, 3β-HSD, and StAR gene transcription in cultured granulosa cells. * Indicates a significant difference (P < 0.05).
